Plasma cells (PC) are found in the CNS of multiple sclerosis (MS) patients, yet their source and role in MS remains unclear. We find that some PC in the CNS of mice with experimental autoimmune encephalomyelitis (EAE) originate in the gut and produce immunoglobulin A (IgA). Moreover, we show that IgA + PC are dramatically reduced in the gut during EAE, and likewise, a reduction in IgA-bound fecal bacteria is seen in MS patients during disease relapse. Removal of plasmablast (PB) plus PC resulted in exacerbated EAE that was normalized by the introduction of gut-derived IgA + PC. Furthermore, mice with an over-abundance of IgA + PB and/or PC were specifically resistant to the effector stage of EAE, and expression of interleukin (IL)-10 by PB plus PC was necessary and sufficient to confer resistance. Our data show that IgA + PB and/or PC mobilized from the gut play an unexpected role in suppressing neuroinflammation.
INTRODUCTION
After initial encounter with antigen, B cells can differentiate into plasmablasts (PB) and plasma cells (PC). PB are short-lived effector cells whereas PC are long-lived mediators of lasting humoral immunity (Nutt et al., 2015) . Studies in mice indicate that PC reside in niches that are rich in survival factors such as interleukin (IL)-6, BAFF, and APRIL (Chu and Berek, 2013) .
Treatment of relapsing-remitting multiple sclerosis (RRMS) with antibodies that deplete CD20 + B cells prevents the formation of new inflammatory lesions in the CNS (Hauser et al., 2008) . However, this therapy does not target CD20 neg PC, nor does it impact oligoclonal immunoglobulin bands found in the cerebral spinal fluid of MS patients (Piccio et al., 2010) . In contrast, treatment with atacicept (TACI-Ig), an agent that neutralizes both APRIL and BAFF, not only reduces circulating B cells but also decreases serum antibody titers (Tak et al., 2008) . Surprisingly, however, treatment of RRMS patients with atacicept resulted in dose-dependent disease exacerbations (Kappos et al., 2014) and promoted the development of MS in optic neuritis patients (Sergott et al., 2015) .
Although IgG is the main isotype in serum, a significant number of antibody secreting cells circulating in the peripheral blood secrete IgA (Mei et al., 2009) . There is evidence that IgA-producing cells reactive against gut-encountered antigens can be found outside the gut. For example, Rotavirus and cholera toxin-specific IgA + B cells (Jaimes et al., 2004; Lemke et al., 2016) and commensal-specific IgA + PC (Wilmore et al., 2018) have been detected in the blood and the bone marrow. Curiously, IgA-producing cells can be found in unexpected places such as in prostate and liver tumors (Shalapour et al., 2015 (Shalapour et al., , 2017 , atherosclerotic plaques (Iverson et al., 2006) , and in generally immune-privileged locations like the MS brain (Stern et al., 2014) . Collectively, these results demonstrate that IgA-producing cells can access the circulation as well as inflamed, damaged, or cancerous tissues. Definitive experiments are required to understand the role and source of IgA-producing cells in disease pathology
In this study, we sought to understand the source and function of PB and/or PC found in the CNS during neuroinflammation. We discovered that gut-derived IgA + B cells are mobilized from the gut and subsequently attenuate inflammation in the CNS. Thus, while IgA-producing PC produce large quantities of anticommensal Ab in the gut during homeostasis, our results provoke a re-consideration of the role of these cells during autoimmune disease.
RESULTS

IgA-Producing Cells Are Detected in the CNS during EAE
The divergent results of clinical trials testing anti-CD20 and TACI-Ig as MS treatments prompted us to re-assess the role of PB and/or PC during neuroinflammation. To this end, we used the MOG 35-55 experimental autoimmune encephalomyelitis (EAE) animal model for kinetic, phenotypic, and functional studies. Because B cell differentiation into PB and/or PC is driven by the Prdm1 gene and the subsequent upregulation of Blimp1 protein (Minnich et al., 2016) , we induced EAE in Prdm1 yfp mice to unambiguously monitor the presence of PB and/or PC in the brain (Br) and spinal cord (Sc) at different stages of disease ( Figure S1A ). To corroborate our findings, we also induced EAE in a fate-map mouse that enables tracking of previously antigen-activated B cells and thus have expressed activation-induced cytidine deaminase (Aicd yfp mice) (Crouch et al., 2007) (Figure S1B ). We measured expression of CD138 (a PC marker), B220 (relatively downregulated on PC), and Ki67 (PC are typically non-proliferative and Ki67 À ). A representative gating strategy for PB and/or PC is shown in Figure S1C . Of note, although CD138 is expressed to varying degrees on PB and PC, we found that CD138 was dynamically modulated on BM-resident PB and/or PC during the course of disease (Figure S1D) . Due to the lack of distinguishing markers, we used the PB and/or PC designator to describe Prdm1-YFP + or Aicd-YFP + B cells throughout this study.
Focusing first on the chronic stage of disease, we observed that Prdm1-YFP + cells in the Br and Sc exhibited low expression of B220, were Ki67 dim , and were CD138 low . In comparison, Prdm1-YFP + cells in the BM expressed variable levels of B220, were also Ki67 dim and CD138 + . Prdm1-YFP + cells from the draining axillary lymph nodes expressed the highest levels of B220, were Ki67 + and CD138 high ( Figure 1A) , similar to what has been previously described in the spleen (Pracht et al., 2017) .
We observed a significant increase in absolute numbers of Prdm1-YFP + B220 int/À cells in both the Br and Sc at the peak of EAE and an even greater increase during the chronic phase of the disease compared with unimmunized mice, where PB and/or PC were undetectable ( Figure 1B) . To characterize the Ig isotype of CNS-resident Prdm1-YFP + B220 int/À cells, we performed intracellular dual flow cytometry staining for IgG and IgA at the chronic stage of EAE. While the majority of Prdm1-YFP + B220 int/À cells were not class-switched (IgG À IgA À double negative cells), IgG class-switched cells could be detected in (A-E) Experiments were repeated 3 times with at least 5 mice per group. (F) Two experiments were performed with at least 6 mice per group. *p < 0.05, **p < 0.01, NS (not significant) by Mann-Whitney test with mean and SD depicted. Corresponding EAE data for IgA À/À chimeric EAE mice are found in Table S1 and Figure S6A . See also Figure S1 . the CNS. Surprisingly, a significant portion of Prdm1-YFP +-B220 int/À cells stained positive for intracellular IgA (Figures 1C and 1D) and confirmatory results were obtained using Aicdcre YFP fl/fl mice ( Figures S1E and S1F) .
To validate the presence of class-switched PB and/or PC in the CNS during EAE, we measured the frequency of IgG and IgA antibody-secreting cells (ASC) in the CNS by ELISPOT. Unlike flow cytometry on ex vivo-derived cells, ELISPOT assays incorporate a 24-hr in vitro culture period that may skew results toward PB and/or PC that have the best survival capacity in vitro. Nevertheless, consistent with our flow cytometric findings, we observed significant increases in frequencies of both IgG and IgA ASC in the CNS during the chronic phase of EAE compared with unimmunized mice ( Figure 1E ).
Because IgA is predominantly produced at mucosal surfaces, the presence of IgA + PB and/or PC in the CNS was somewhat surprising. To confirm this result, we ruled out potential artifactual detection of IgA + ASC in the ELISPOT assay by examining IgA ASC in the CNS of Jh À/À chimeric mice that received a transplant of IgA À/À BM. Accordingly, while IgG + ASC were detected in the brain of chimeric IgA À/À EAE mice during EAE, IgA + ASC were undetectable ( Figure 1F ), thus confirming the specificity of our assay.
Given that PB and/or PC are detected in the CNS during EAE, we next determined whether these cells impact the clinical course of the disease. To do this, we generated PB plus PC-deficient Cd19 cre Prdm1 fl/fl and Aicd cre Prdm1 fl/fl mice and confirmed PB plus PC-deficient status by immunofluorescence ( Figure S1G ) and by measuring serum Ig levels by ELISA ( Figure S1H ). Interestingly, we found that PB plus PCdeficient mice exhibited exacerbated EAE (Figures S1I and S1J) and higher mortality (Table S1 ) compared with littermate controls.
In summary, while CD138 low Ki67 low YFP + B220 int/À PB and/or PC are not observed in the CNS during the steady state, PB and/or PC that produce IgG and IgA accumulate in the Br and Sc during EAE, and the absence of both PB and PC results in increased EAE severity.
PB and/or PC Are Reduced in the Gut during EAE, and Add-Back of Gut-Derived PC Attenuates Disease Recently it has been shown that IgA + PC exhibit immunosuppressive functions in both prostate and liver tumor microenvironments (Shalapour et al., 2015 (Shalapour et al., , 2017 . Because we observed IgA + PB and/or PC in the inflamed CNS and PB plus PC-deficient mice exhibit exacerbated EAE, we hypothesized that IgA + PC may be specifically responsible for suppressing neuroinflammation. We focused on the gut as a possible source of CNS-infiltrating IgA + PB and/or PC, because the gut is the largest reservoir of IgA-producing cells in the body. A significant decrease in the number of CD138 + Aicd-YFP + PB and/or PC in the small intestinal lamina propria (SILP) was observed during the chronic phase of EAE, suggesting that the homeostasis or localization of gut-resident PB and/or PC is somehow altered during EAE (Figures 2A-2C) .
To test our hypothesis that gut IgA + PC may suppress neuroinflammation, we performed adoptive transfers of SILP-derived B220 + CD5 À B cells versus IgA + Ki67 À B220 À PC ( Figure S2 ).
Comparing with PBS treatment, a delay in disease onset and reduced EAE severity were observed when SILP-derived Prdm1-YFP + B220 À cells were introduced into PB plus PCdeficient mice. However SILP-derived Prdm1-YFP À B220 + cells had no effect on EAE ( Figure 2D ; Table S1 ). Similar results were observed upon transfer of Prdm1-YFP + B220 À cells into B cell-deficient (Jht À/À ) EAE mice ( Figure 2E ). At the chronic phase of the disease, we detected Prdm1-YFP + cells in the Br, BM, and the LN of recipient mice ( Figure 2F ), confirming that the transferred cells could reach these tissues. In summary, the SILP contains PC that, when adoptively transferred, can reach the CNS and are sufficient to reduce the clinical symptoms of EAE.
IgA + B Cells from the SILP Recirculate to Distal Tissues Because we detected a decrease in IgA + B cells in the gut concomitantly with an increase in IgA-producing cells in the CNS during EAE, we asked in a non-transfer scenario whether gut-resident IgA + PB and/or PC have the capacity to recirculate to other tissues. To test this, we devised an ELISPOT assay that enabled us to detect Rotavirus (RV)-specific ASC, because RV specifically infects mature enterocytes in the small intestine and provokes a robust local IgA response (Franco and Greenberg, 1999) .
We first tested whether RV-specific IgA ASC could be recovered in other mucosal tissues such as the lung. To do this, we used a dual infection approach whereby mice were first orally infected with RV (primary infection) followed 30 days later by intra-nasal infection with Influenza (secondary infection). RV+Flu experimental mice were compared with 3 different control groups: RV and Flu naive (uninfected ''UI''), primary infection alone (''RV-only''), and secondary infection alone (''Flu-only'') (see schematic in Figure S3A ). Consistent with previous findings (Youngman et al., 2002) , we found that RV was cleared from the feces at 7 days post-infection (dpi) and the RV-specific IgA response peaked at day 12 ( Figure S3B ), at which point RVspecific IgA ASC were found in both the SILP and the BM (Figure S3C) . Of note, no differences in weight loss were observed in ''Flu-only'' versus ''RV+Flu'' mice in response to Flu infection ( Figure S3D ).
As expected, RV-specific IgA ASC (but not RV-specific IgG ASC) were detected at high frequencies in the gut post-RV infection in both ''RV-only'' and ''RV+Flu'' mice ( Figure 3A ). We also observed a high frequency of RV-specific IgA ASC in the BM in ''RV-only'' and ''RV+Flu'' mice. In line with previously published work (Youngman et al., 2002) , we detected RV-specific IgG ASC in the BM, but these were present at low levels compared to RVspecific IgA ASC ( Figure 3B ). Lastly, IgA ASC were also detected in the lungs of ''RV+Flu'' mice as early as 1.5 dpi ( Figure 3C ). This suggests that inflammation in the lungs may rapidly attract RVspecific IgA ASC to migrate from the gut to the lungs. Interestingly, a low frequency of RV-specific IgA ASC was also observed in the lungs of ''RV-only'' mice ( Figure 3C ). This suggests that there may be a low level of homeostatic trafficking of RV-specific IgA ASC in the absence of lung inflammation.
In summary, these results demonstrate that IgA ASC previously generated in response to an intestinal pathogen 30 days prior can be rapidly recruited to the lungs upon Flu infection.
RV-Specific IgA ASC Can Access the Circulatory System and Populate the CNS Because a low frequency of RV-specific IgA + ASC was noted in the lungs at steady state in ''RV-only'' mice, we next deter-mined if IgA + B cells could access the circulation in resting mice. To test this, we employed a parabiosis technique whereby we surgically attached mice previously infected with RV (group A) to uninfected mice (group B, Figure 3D Figure S2 and Table S1 . Because group A was allowed to clear the infection prior to surgery ( Figure 3E ), this effectively separated RV priming events in one mouse from migration events in a second mouse. Analysis of paired animals revealed that RV-specific IgA ASC were present in the gut and BM of both the RV infected and RV-naive parabionts ( Figures 3F-3H ). Although there were fewer RV-specific IgA ASC in the gut and BM of group B mice compared to their group A partners, these data nevertheless demonstrate that RV-specific IgA ASC can access the circulation in the steady state.
To confirm our findings, we used an alternative experimental approach of tissue-directed photo-conversion. Specifically, upon exposure to violet light, cells expressing a Kaede transgene are irreversibly converted from green to red (Tomura et al., 2008) . We therefore photoconverted the length of the small intestine of Kaede-Tg mice and 3 days later used flow cytometry to measure the number of Kaede-Red + cells at the site of photoconversion (SILP) as well as in the BM (see representative gating strategy in Figure S4A ). While significant photoconversion of SILP-resident cells was observed in Kaede-Tg mice, Kaede-Red + cells were undetectable in non-transgenic or sham surgery controls. Moreover, photoconversion of mesenteric LN cells was minimal ( Figure S4B ) demonstrating that photoconversion was specific to the small intestine. Of the Kaede-Red + cells in the SILP, we observed IgA + B220 + , IgA + B220 À , and IgA À B220 + cells with the majority being IgA + B220 À ( Figure S4C ). Importantly, we also observed IgA + B220 + Kaede-Red + B cells in the BM ( Figure S4D ), demonstrating that IgA + B cells photoconverted in the gut can be recovered from the BM in the steady state.
To relate our findings back to EAE, we examined the CNS for presence of RV-specific IgA ASC by inducing EAE in RV-infected mice (see schematic in Figure 4A ). We validated the clearance of RV prior to EAE ( Figure S4E ) and confirmed that a priori infection with RV does not impact the severity of EAE ( Figure S4F ). Using this approach, we found that RV-specific IgA ASC were absent from the CNS in the steady state ( Figure 4B ). However, during peak and chronic EAE we observed RV-specific IgA ASC in the CNS (Figures 4B, 4C , and 4F). In the SILP of ''RV+EAE'' mice we observed a significant reduction in RV-specific IgA ASC at the peak of disease compared to control mice ( Figure 4D ), and a similar finding was observed in the BM at the chronic phase (but not the peak) of EAE ( Figure 4E ).
Taken together, gut-derived, RV-specific IgA + B cells can access the circulatory system and home to the CNS during EAE.
Commensal-Reactive IgA ASC Populate the CNS during EAE
To ascertain if our findings are generalizable to gut-intrinsic commensal microbes, we developed a commensal ELISPOT assay. Application of single-cell suspensions from the SILP of wild-type (WT) mice to plates coated with heat-killed autologous fecal matter resulted in the detection of commensal-reactive IgA ASC in WT mice, but not if SILP preparations were derived from germ-free or Cd19 cre Prdm1 fl/fl mice ( Figures 4G and 4H ). Moreover, pre-sorting Prdm1-YFP + B220 À cells from the SILP of Prdm1 yfp reporter mice resulted in a significant enrichment of commensal-reactive IgA ASC in the ELISPOT assay, whereas minimal IgA ASC were observed in ELISPOT wells containing Prdm1-YFP À B220 + cells, indicating that the majority of commensal-reactive IgA ASC detected in this assay are PB and/ or PC ( Figures 4I and 4J ).
Next, we determined if we could detect commensal-reactive IgA ASC in the BM and in the CNS. Consistent with a recent report (Wilmore et al., 2018) , we were able to detect commensal-reactive IgA ASC in the BM. We also found commensal-reactive IgA ASC in the Br during the chronic phase of EAE, but not at steady state (Figures 4K and 4L) . In summary, commensal-reactive IgA PB and/or PC can be found in extra-intestinal sites such as the BM and the inflamed Br.
IgA-Binding of Fecal Bacteria Is Reduced in Patients with MS during an Acute Relapse
To assess the generalizability of our findings to human MS, we examined IgA content in the gut lumen of MS patients. Recently, bacterial flow cytometry (BUGFlow) has been used to assess IgA binding of bacteria . We therefore measured IgA-binding of autologous gut bacteria as an indirect measure of gut-resident IgA + PB and/or PC in a cohort of healthy control versus MS patients. The MS cohort included patients in remission versus those experiencing an acute relapse ( Figure 5A ; Table S2 ). 16S rRNA gene sequencing of IgA-bound bacteria (IgA-SEQ) from human control samples confirmed that this method captured a broad range of both aerobic and anaerobic bacteria including anaerobes of the phyla Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria, among others (data not shown). Quantification of IgA-bound bacteria revealed a non-statistically significant trend toward higher IgA-binding in MS patients during remission compared to healthy controls by BUGFlow ( Figures 5B and 5C ) and ELISA ( Figure 5D ). Interestingly, actively relapsing patients exhibited significantly lower percentages of IgA-bound gut bacteria compared to patients in remission (Figures 5B-5D) indicating potential egress of (G) Representative images of commensal-reactive IgA ASC derived from the SILP of naive WT, Germ Free, and Cd19 cre Prdm1 fl/fl mice. PBS-coated wells were used as a negative control for the assay. (H) Quantitative summary of the results shown in (G) . (I) Quantification of commensal-reactive IgA ASC derived from sorted Prdm1-YFP + B220 À or Prdm1-YFP À B220 + cells from the SILP of Prdm1 YFP mice. (J) Representative images of commensal-reactive IgA ASC from results depicted in (I) .
(K) Quantification of commensal-reactive IgA ASC in the BM (top) and brain (bottom) from UI and EAE (chronic) WT mice. (L) Representative images of commensal-reactive IgA ASC from results depicted in (K). All experments were repeated 3 times. The number of mice depicted in (B)-(E) are as follows: UI (n = 7), RV (n = 6), EAE (n = 6), RV EAE peak (n = 4), and RV EAE chronic (n = 5). The number of mice depicted in (H), (I) , and (K) are n = 4-7 for each group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 using Mann-Whitney test with mean and SD depicted. See also Figure S4 .
IgA-producing cells from the gut during an inflammatory relapse.
A Commensal Microbe that Elevates Systemic IgA Attenuates EAE
Given that EAE is associated with the presence of gut-derived IgA + PB and/or PC in the CNS, and that transfer of gut-derived IgA + PC attenuates EAE, commensal microbes that increase systemic levels of IgA + PB and/or PC should reduce the severity of EAE. To test this, we supplemented an already established microbiota with a singular IgA-promoting commensal microbe, Trichomonas musculis (T.mu) (Chudnovskiy et al., 2016) . Compared to T.mu À mice, T.mu + colonized mice exhibited less severe EAE with lower incidence of disease (Figures S5A and S5B), and reduced inflammation and demyelination in the spinal cord ( Figures S5C-S5E ). T.mu + colonized mice also exhibited an elevation in serum and fecal IgA ( Figure S5G ) and an increase in the frequency of IgA ASC in the gut, bone marrow, and brain (Figure S5G) . Although the frequency of CNS-resident Th17 and Th1 cells was unaltered by colonization of T.mu, the frequency of GM-CSF producing CD4 + T cells was significantly reduced . Thus, although T.mu has been shown to elevate Th1 and Th17 responses in the gut (Chudnovskiy et al., 2016) , colonization with T.mu protects against severe EAE concomitant with an elevation of IgA ASC in the brain.
Assessment of PB and/or PC-Derived Factors Involved in EAE Suppression
The accumulation of RV-specific and commensal-reactive IgA ASC in the brain during EAE prompted us to determine if IgA antibodies may play a role in ameliorating disease. However, we found that irradiated B cell deficient (Jht À/À ) mice reconstituted with IgA À/À BM exhibited roughly similar EAE severity as co-housed Jht À/À mice that received WT BM, although a slight acceleration in onset in the IgA À/À recipient group resulted in a modest increase in cumulative score ( Figure S5I ). These experiments suggest that IgA itself does not play a primary role in dictating the severity of EAE.
Recent work has shown that PB and/or PC can express immunoregulatory proteins such as IL-10 and IL-35 that impact the immune response during disease (Shen et al., 2014) . Thus, we hypothesized that PB and/or PC may suppress ongoing Table S2 . (legend continued on next page) inflammation in the CNS independent of IgA production. We focused mainly on IL-10 due to its critical role in attenuating EAE (Matsumoto et al., 2014; Shen et al., 2014) and accordingly tested if gut-resident IgA + cells were a significant source of IL-10. Interestingly, we found that IgA + cells in the SILP showed evidence of IL-10 immunofluorescence staining that was not present in IL-10 À/À mice. Moreover, IL-10 staining was greatly reduced in the SILP of PB and/or PC-deficient mice ( Figure 6A ). Next, we assessed whether PB and/or PC-intrinsic IL-10 was required for suppression of EAE by generating mixed BM chimeric mice whereby PB and/or PC cannot produce IL-10 but other hematopoietic cells retain this capacity. Compared with control chimeras, we found that mixed chimeric mice that harbor IL-10 À/À PB plus PC exhibited exacerbated EAE (Figure 6B ) compared to control mixed BM chimeric mice (Table  S1 ). Due to the severity of disease, we were unable to carry out the experiment to the chronic stage of EAE. We thus confirmed our clinical findings by immunohistochemistry and noted that BM chimeric mice in which both PB and PC are unable to produce IL-10 exhibited significantly increased immune infiltration (Figures 6C and 6D) and demyelination (Figures 6C and 6E) of the spinal cord.
In order to analyze cells that are actively transcribing Il10, we next used 10BiT mice that report the expression of Il10 via cell surface Thy1.1 expression. 10BiT mice have been used to query IL-10 expression in a number of cell types, with IL-10 protein production only associated with Thy1.1 + cells and not Thy1.1 À cells (Cunningham et al., 2016) . Flow cytometric analysis revealed surface Thy1.1 protein on IgA + B220 À cells in the SILP of 10BiT mice, confirming our immunofluorescence findings ( Figure S5J ). Next, we isolated all cells expressing Il10 mRNA by sorting Thy1.1 + versus Thy1.1 ÀÀ cells from the Br and the BM during the chronic phase of EAE. Sorted cells were then plated in commensal ELISPOT plates and developed with anti-IgA. We found that $50% of commensal-reactive IgA ASC in the BM and the Br were derived from the Thy1.1 + fraction (Figures 6F and 6G) .
We (Fritz et al., 2011) and others (Matsumoto et al., 2014; Shen et al., 2014) have found that PB and/or PC express other immunomodulatory molecules beyond IL-10, including IL-35 and iNOS. This suggests that PB and/or PC may employ a variety of mechanisms to attenuate EAE. Because Nos2 À/À mice exhibit exacerbated EAE (Fenyk-Melody et al., 1998) , we assessed a possible PB and/or PC-intrinsic role for iNOS in suppressing EAE using BM chimeras. Compared to control chimeric mice, deletion of Nos2 in B cells ( Figure S6A ) or specifically in PB and/or PC ( Figure S6B ) resulted in modestly exacerbated EAE and higher mortality (phenocopying Nos2 À/À / Nos2 À/À BM chimeras, see Table S1 ). This phenotype was accompanied by enhanced spinal cord inflammation and demyelination ( Figures  S6C-S6E ).
In summary, commensal-reactive IgA ASC express IL-10, and the expression of IL-10 by PB and/or PC (and to a lesser extent iNOS) is required to reduce the symptoms of EAE.
BAFF-Transgenic Mice Are Highly Resistant to the Effector Phase of EAE
We have previously shown that mice overexpressing BAFF (BAFF-Tg mice) have an expanded pool of IgA + PC in the SILP accompanied by commensal-reactive IgA in the serum . Because we found that SILP-derived Prdm1-YFP + B220 À cells could ameliorate EAE, we hypothesized that BAFF-Tg mice would also exhibit an altered response to EAE.
Consistent with our observations in WT mice, we observed a dramatic decrease in IgA + CD138 + cells during the chronic stage of EAE ( Figures 7A-7C ). Interestingly, although IgA and IgG ASC are virtually undetectable in the CNS of unimmunized WT mice, BAFF-Tg mice exhibited a baseline level of IgA ASC in the Br and Sc at steady state that was not further elevated during EAE ( Figures 7D and 7E) . In contrast, like WT mice, IgG ASC were only detected in the CNS of BAFF-Tg mice during EAE, but not in the steady state.
Strikingly, we found that BAFF-Tg +/+ mice immunized with MOG 35-55 do not develop clinical symptoms of disease compared to co-caged WT littermates, and only mild disease was observed in mice with only one copy of the BAFF transgene (BAFF-Tg +/À ) ( Figure 7F ). These results were also confirmed in a separate vivarium (Table S1 ). To assess whether BAFF-mediated resistance to MOG 35-55 EAE was generalizable to other EAE models, we immunized BAFF-Tg +/+ mice with full-length recombinant human MOG (rhMOG), a protein that induces pathogenic anti-MOG auto-antibodies that promote CNS injury. BAFF-Tg +/+ mice were likewise resistant to rhMOG-induced disease ( Figure 7G ).
To determine whether overexpression of BAFF and a surplus of IgA + PB and/or PC in these mice affects the priming versus the effector stage of EAE, we examined the production of cytokines by CD4 + T cells in the draining lymph nodes and spleen of MOG 35-55 immunized BAFF-Tg +/+ mice during the pre-onset period of the disease. Similar levels of CD4 + IFNg + , and CD4 + IL-17 + T cells were detected in WT and BAFF-Tg +/+ mice, with a reduction in CD4 + IFNg + T cells only being observed in the axillary lymph nodes of BAFF-Tg +/+ mice ( Figure 7H ). Similar results were found upon immunization with rhMOG (data not shown). In contrast, defects were observed in the effector phase of the disease in BAFF-Tg mice. Specifically, while adoptive (F) Representative images of commensal-reactive IgA ASC pre-sorted as Dump À (CD4, CD8, F4/80 negative) and subsequently sorted as Thy1.1 + or Thy1.1 À cells from the brain (7,500 cells/well) or BM (150 cells/well) during the chronic phase of EAE. Note that the pre-sort step results in an enrichment in the number of spots detected. (G) Quantification of commensal-reactive IgA ASC from (F) . Experiments in (A) were repeated two times with at least 5 mice per group, with the IL10 À/À staining control being performed once. Experiments in (B) were performed three times. Experiments in (C)-(E) were performed three times with 4-8 mice per group. Experiments in (F) and (G) were performed three times with 5 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001 using two-way ANOVA test for (B) and Mann-Whitney test for (C) and (G) with mean and SD depicted, (C) mean and SEM depicted. Scale bar depicted in (A) and (D) is 200 mm. See also Figures S5 and S6 and Table S1. Cell 176, 610-624, January 24, 2019 619 (legend continued on next page) transfer of pre-primed T cells from WT donor mice immunized with MOG 35-55 peptide resulted in EAE when T cells were transferred into WT recipients, transfer of the same T cells into BAFF-Tg +/À recipients resulted in significantly attenuated EAE ( Figure 7I ). This was accompanied by a non-significant trend of reduced frequency and numbers of IFNg + CD4 + and IL-17 + CD4 + T cells, and a significant reduction in the frequency of GM-CSF + CD4 + T cells, in the CNS ( Figure S7A ). A trend toward increased frequency of commensal-reactive IgA ASC (measured by ELISPOT) in the CNS was also noted ( Figure S7B) , as well as a significant reduction in inflammation and demyelination in the spinal cord ( Figures S7C-S7E) .
Last, we determined whether TACI (TNFRSF13b), a receptor for BAFF and APRIL that is highly expressed by PB and/or PC (Pracht et al., 2017) , provides protective signals during EAE. To test this, Tnfrsf13b À/À mice were immunized with MOG 35-55 peptide and assessed for clinical parameters of EAE. Similar to PB plus PC-deficient mice, Tnfrsf13b À/À mice also show evidence of exacerbated EAE compared to WT controls ( Figure S7D ).
In summary, BAFF-Tg mice, which harbor IgA-producing cells in the CNS during the steady state, are highly resistant to both MOG 35-55 and rhMOG-induced EAE, possibly due to TACIderived signals. Moreover, whereas the priming response induced by MOG immunization is relatively normal, the effector phase of EAE is attenuated in BAFF-Tg mice compared to WT mice.
Gut-Derived IgA PB and/or PC Promote Resistance to EAE in BAFF-Tg Mice via IL-10 We hypothesized that IL-10 would be involved in EAE resistance in BAFF-Tg mice. Indeed, BAFF-Tg +/+ mice showed evidence of IL-10 expression by SILP-resident IgA + cells ( Figures 7J and  S7G) , and compared to WT mice, IgA + IL-10 + cells were even more abundant in the BAFF-Tg +/+ gut ( Figure S7H ). Also, like WT mice, we found evidence of IL-10 expression by a portion of IgA + B220 + PB and/or PC in the brain of BAFF-Tg +/+ mice during EAE ( Figure S7I ).
To test whether IL-10 is required for EAE resistance in BAFF-Tg mice, we generated BAFF-Tg +/À IL-10 À/À , BAFF-Tg +/À IL-10 +/À , and WT littermates. Interestingly, BAFF-Tg +/À IL-10 À/À mice developed EAE disease similar to what was observed in WT littermate controls ( Figure 7K ; Table S1 ), demonstrating that IL-10 is necessary for BAFF-driven resistance to EAE. To ascertain if IgA-producing SILP-derived PB and/or PC were a relevant source of IL-10 in BAFF-Tg mice, we adoptively transferred Prdm1-YFP + PC from the SILP of Prdm-1 yfp mice versus Prdm1 yfp x Il10 À/À mice into BAFF-Tg +/À Il10 À/À recipient mice. We found that only IL-10-sufficient gut-derived Prdm1-YFP + cells could confer disease relief in BAFF-Tg +/À Il10 À/À recipient mice ( Figure 7L ), demonstrating that intestinal PC provide an essential source of IL-10 that is sufficient to suppress EAE.
In summary, BAFF-Tg, but not BAFF-Tg +/À Il10 À/À mice, are highly resistant to EAE, and BAFF-Tg mice harbor a significant number of IgA + cells in the SILP that express IL-10. Moreover, SILP-derived PC are a sufficient source of IL-10 for the attenuation of EAE clinical symptoms in BAFF-Tg +/À Il10 À/À mice.
DISCUSSION
In this study, we characterized the kinetics, source, and function of IgA + B cells entering the CNS during EAE. Using multiple approaches, we found that gut-derived IgA + B cells are capable of accessing the periphery and the inflamed CNS, and MS patients exhibit a reduction in fecal bacteria-bound IgA during MS relapses, perhaps due to egress of IgA-producing cells out of the gut. Consistent with a previous report (Matsumoto et al., 2014) , we found that IL-10 expression by PC was both necessary and sufficient for the suppression of EAE. Here, we found that commensal-reactive IgA + ASC are a relevant source of IL-10 in the CNS during EAE. We propose that intestinal IgA + B cells, one of the biggest reservoirs of lymphocytes in the body, represent a population of regulatory cells that can be recruited to inflamed tissues independent of their B cell receptor specificity. Mono-colonization with specific microbes has been shown to promote T-regulatory function during EAE (Cekanaviciute et al., 2017; Ochoa-Repá raz et al., 2010) . The finding that colonization with T.mu in the context of a pre-existing microbiota is associated with EAE protection provides hope for developing treatments for MS that mobilize immunosuppressive IgA + PB and/or PC.
It is important to note that our ELISPOT experiments that detect RV-specific or commensal-reactive IgA ASC cannot distinguish between IgA + PB and/or PC versus memory IgA + B cells that have homed to extra-intestinal tissues. However, the bulk of our data demonstrate that the immunosuppressive B cells in the context of EAE are PB and/or PC. In support of this, we find that gut-derived B220 + cells fail to attenuate EAE, that PB and/or PC are the main source of IL-10 in the gut at steady state, and deletion of Il10 or Nos2 specifically in PB plus PC results in exacerbated EAE. These data, in conjunction with recent findings in the spleen (Lino et al., 2018) , support the notion that immunosuppressive PB and/or PC are a key source of IL-10.
Interestingly, although sorted as B220 À and confirmed as intracellular IgA + Ki67 À , adoptively transferred gut derived PC exhibited altered B220/Ki67 status when transferred to PB plus (H) Frequency of MOG 35-55 IFNg + CD4 + T cells (left) or IL-17 CD4 + T cells (right) from WT or BAFF +/À -Tg littermates with chronic EAE. (I) EAE Clinical scores of adoptive transfer EAE whereby pre-primed T cells were transferred into WT or BAFF +/À -Tg recipient mice. (J) Representative immunofluorescence images of BAFF +/+ -Tg and BAFF +/À -Tg x IL-10 À/À small intestines stained with DAPI, anti-IgA, and anti-IL-10. (K) Clinical scores of BAFF +/À -Tg, BAFF +/À -Tg x IL-10 À/À , and WT littermates after immunization with MOG 35-55 . (L) EAE Clinical scores of Baff +/À -Tg IL-10 À/À recipients, after transfer of Prdm1 YFP -IL-10 À/À gut PC or Prdm1 YFP gut PC. Experiments in (A)-(F) and (K)-(L) were repeated 3 times with at least 4 mice per group. The experiment in (G) was repeated two times with at least 4-5 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001 using two-way ANOVA test for (F) Figure S7 and Table S1. PC-deficient recipient mice. Current dogma posits that cell-cycle exit is irreversible for PC (Amanna and Slifka, 2010) . However, gene expression profiling studies have shown that a variety of cell-cycle regulators are expressed during the transition of human PB to long-lived PC, suggesting the potential for cell-cycle re-entry (Slocombe et al., 2013) , and perhaps this is particularly evident in the context of strong inflammation, as what would be observed during EAE.
Emerging studies hint at the existence of dynamic migration of lymphocytes between the gut and the periphery (Wilmore et al., 2018) . Our work now adds to this accumulating evidence by demonstrating that gut-derived IgA ASC can localize to the inflamed mouse CNS. We hypothesize that inflammation in the CNS ''changes the rules'' allowing IgA-producing cells to migrate out of their niches. In support of this concept, gut-derived intraepithelial lymphocytes can be detected in the EAE CNS (Kadowaki et al., 2016) . This may be because the gut environment itself is altered during inflammation in the periphery. Indeed, intestinal barrier function is compromised during EAE and MS (Buscarinu et al., 2017; Nouri et al., 2014) , and in our EAE mice we noted visible gaps in the DAPI + epithelial cells of the villi (Figures 2  and 7) , suggesting that the gut may be damaged during EAE.
In general, a ''firewall'' constrains IgA responses to commensal bacteria to the mucosal immune system, and we previously reported that this firewall is compromised in BAFF-Tg mice ). In the current study, we show that in WT mice, RV-specific IgA ASC can access the circulation even in the steady state, suggesting a firewall breach even without BAFF overexpression. It is possible that there is a low level of permeability of the firewall during steady state that we failed to detect using the western blot techniques in our previous study comparing WT and BAFF-Tg mice. Indeed, in humans, anti-commensal IgA titers are observed at low levels in the serum of healthy individuals (Haas et al., 2011) . Nevertheless, the egress of IgA + ASC out of the gut during steady state is likely not a frequent event because, although RV-specific IgA ASC are observed in uninfected parabionts, they are present at greatly reduced numbers compared to the RV-infected parabionts. However, it is important to note that the number of IgA ASC we detect in extra-intestinal tissues is likely an under-estimate given the reported problems of cell recovery in many tissues (Steinert et al., 2015) .
The mechanism of IgA + PC migration out of the gut during EAE is not known but could conceivably involve the upregulation of PC-intrinsic chemokine receptors. For example, it has been recently shown that IgA + PC are localized in areas of the EAE spinal cord that express BAFF, APRIL, and CXCL12, suggesting that CXCR4 expression on gut-derived PB and/or PC may drive migration to regions of the CNS that are enriched for PC survival factors (Pollok et al., 2017) . Alternatively, the loss of molecules that anchor PC to their supportive niche environments could also provoke PC egress from the gut. Indeed, we found that CD138, which mediates tethering of PC to collagen I, was downregulated on PB and/or PC in the BM and in the CNS during EAE. Further analysis is required to assess the mechanism(s) that facilitate IgA + B cell recruitment to the CNS.
We found that highly potent, encephalitogenic T cells generated in WT donor mice have limited capacity to elicit EAE disease in BAFF-Tg recipients. This suggests that BAFF acts at the effector phase of EAE to limit inflammation. Indeed, CD4 + T cells producing GM-CSF, a cytokine that is both necessary and sufficient to induce and maintain the effector stage of EAE (Spath et al., 2017) , are significantly reduced in the CNS of BAFF-Tg recipient mice as well as in mice colonized with T.mu. One potential caveat to our findings is that a separate study showed that BAFF-Tg mice exhibited exacerbated EAE correlating with an increase in Th17 cells in the draining LN (Zhou et al., 2011) . It is possible that differences in vivariumassociated microbiota, which we found can impact the frequency of IgA + ASC in the CNS, may have resulted in divergent results that would be worthy of further study.
In summary, our findings demonstrate that gut-derived IgA + PB and/or PC play an important role in dampening neuroinflammation. Although pathogenic memory B cells are targeted by anti-CD20 (Jelcic et al., 2018) , IgA + PB and/or PC will be spared, potentially explaining the robust and rapid efficacy of anti-CD20 treatment in MS. Moreover, our results provide a rational explanation for the MS disease exacerbations provoked by atacicept (TACI-Ig) (Kappos et al., 2014) , and the worsened EAE we observed in TACI À/À mice mirrors this finding.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODELS AND SUBJECT DETAILS
Mice Prdm1 fl/fl mice (Jackson Labs) were backcrossed with C57BL/6 mice (Charles River), Aicd Cre xYFP fl/fl mice (courtesy of Rafael Casellas) (Crouch et al., 2007) or Cd19Cre +/À mice (Jackson Labs) to generate PC plus PB conditional knockout mice. Prdm1 yfp mice were purchased from Jackson labs and subsequently interbred to maintain the line. BAFF-Transgenic (BAFF-Tg) mice (BAFF-2 original 823 line were obtained from Drs. Ann Ranger and Jeff Browning, Biogen Inc) and were backcrossed with WT mice (Charles River) and subsequently interbred as BAFF-Tg +/+ or BAFF-Tg +/À mice. BAFF-Tg +/+ were crossed with Il10 À/À to generate littermates for experiments. Igh-J tm1Cgn (Jht À/À ), IgA À/À and Nos2 À/À mice were used in some cases to generate BM chimeras. Tnfsf13b À/À and corresponding littermate controls were housed at the University of Melbourne. Il10-Thy1.1 transcriptional reporter (10BiT) mice were provided by Dr. David Brooks at the University Health Network with permission from Casey Weaver. Kaede mice were generated as described (Tomura et al., 2008) and provided by Dr. Andrew Luster's lab at Harvard University and subsequently interbred to maintain the line. The genotypes of the above models were confirmed by PCR or qPCR. All animals were housed in a specific pathogen free, closed caging system and provided with a standard irradiated chow diet (Envigo Teklad (2918)), acidified water (reverse-osmosis and UV-sterilized) and housed under a 12-hr light cycle. All animal experiments were conducted with ethical approval from the University of Toronto, Faculty of Medicine animal care committee and the University of Melbourne animal care committee. The majority of the experiments were performed first in separately caged mice and then were repeated with co-caged and/or littermate mice to confirm our results.
Bone Marrow Chimeras
In order to develop single or mixed-BM chimeras, BM cells from Il10 À/À , Nos2 À/À or IgA À/À mice were used as donors alone or in combination with B cell deficient Jht À/À , WT, or Cd19 cre Prdm1 fl/fl BM cells, to reconstitute B cell deficient Jht À/À irradiated recipient mice thus creating BM chimeras in which B cells or PC are unable to produce IL10, iNOS or IgA. All the experiments in Bone Marrow Chimeras were performed in females, 6-8 weeks old.
Induction of EAE
To induce EAE, female mice, 6-8 weeks of age, were immunized subcutaneously on day 0 with 100 mg of MOG 35-55 peptide or 100 mg of recombinant human MOG 1-120 (rhMOG) and 500 mg of H37Ra (DIFCO Laboratories) emulsified in incomplete Freund's adjuvant (BD, Biosciences). Mice were subcutaneously injected with 100ml of emulsion in 3 previously disinfected locations on the back for a total of 300ml of injected material per mouse. Pertussis toxin (PTX -List Biological Laboratories) was subsequently injected intraperitonally twice in 500mL PBS, on days 0 and 2, 500ng per injection. Due to high mortality in some strains, we increased daily nursing to improve survival by placing cages on heat pads with Pure-o'Cel paperless bedding, diet was supplemented with breeder mash (Envigo Teklad (2919)) to help mice gain or maintain body weight, and subcutaneous injections of 1ml-1.5ml of lactated Ringer's solution, as well as 5% dextrose for caloric supplementation were provided 1-3 times daily depending on symptoms and signs of dehydration. Disease incidence was typically 100%. This mouse model does not relapse, but rather displays a chronic form of EAE. Clinical signs of EAE were assessed daily (blinded) with a modified 0-16 clinical scoring system to better evaluate paralysis on each limb individually. This composite scale provides superior sensitivity compared to the typical 5-point scale system, taking into account paralysis of each of the 4 limbs separately (Pikor et al., 2015) . In some experiments, the traditional 5-point scale was compared with the 16-point scale, and we found no differences in terms of EAE disease trajectory or in comparing different groups of mice (Table S1 ).
Onset of disease was defined as a score R 1, for at least two consecutive days. Peak phase was defined as the time point with the maximum score during disease. Chronic phase was defined as a consistent decrease in the peak score, persisting for at least two consecutive days. A cumulative clinical score was calculated for each mouse by adding the daily scores from the day of onset until the end of the experiment.
For some experiments we also performed the conventional 6-score scale since the experiments were performed in other laboratories or in order to compare results by using both scales. In those cases, scores were assigned as follows: 0 = asymptomatic, 1 = loss of tail tone, 2 = hind limb weakness, 3 = partial hind limb paralysis, 4 = complete hind limb paralysis, and 6 = moribund.
Influenza Infection
Influenza strain A/Puerto Rico/8/1934(H1N1), also known as ''PR8,'' was kindly provided by Dr. Tania Watts, University of Toronto. Stock vials were diluted (sterile) between 5x10 3 to 10 6 TCID 50 /mouse depending on the experiment in no more than 30 ml/vial. Diluted stocks were kept sterile and on ice for the duration of the infection procedure. Female and male 6-8 week old mice were anesthetized with 5% isofluorane at an induction volume of 3L/min. Mice were removed from the isofluorane mask and using a P20 pipette and sterile tips, mice were given 15 mL of diluted virus per nostril. Mice were administered more isofluorane between each nostril dose to ensure mice did not wake up mid-infection. Mice were placed back into their cage to revive. Weight was monitored daily. Mash food was given when mice lost approximately 10% of their body weight, and fluids were given on approximately day 4.
Rotavirus Infection
Female mice, 6-8 weeks old, received 100 mL of 1.33% of Sodium Bicarbonate (Na 2 CO 3 ) prior to infection with Rotavirus (RV) to neutralize stomach acid. Mice were then inoculated by oral gavage with 100 mL 10 4 ID 50 of EC virus (1:100 of the virus stock 10 7 ID 50 /ml in Medium199 (Sigma)), and then monitored for RV clearance by measuring RV antigen in stool. To detect RV antigen with an enzyme linked immunosorbent assay (ELISA), NUNC maxi-sorp 96-well plates were coated with rabbit-a-RV (ABD Serotech, CAT #AHP1360) diluted 1:2000 in TNC (10mM Tris, 100mM NaCl, 1mM CaCl 2 , Ph 7.4) overnight at 4 C. Plates were then blocked with 5% BLOTTO (5% skim milk powder in TNC) for 2 hr at 37 C. Plates were dumped and patted dry. Fecal samples were added in duplicate at a dilution of 1/2 in 1% BLOTTO, and incubated for 2 hr at 37 C. Plates were washed 5 times with $200 mL 0.1% TWEEN20/TNC. 50 ml/well of mouse-a-RV monoclonal antibody was added at 1:200 and incubated for 1 hr at 37 C. Plates were washed 3 times as before. 50 ml/well of goat-a-mouse-IgG2b-HRP (Southern Biotech, CAT #1090-05) was added at 1:1000 and incubated for 30 min at 37 C. Plates were washed 3 times as before and developed with 50 mL of 3,3 0 ,5,5 0 -Tetramethylbenzidine (Bioshop) and stopped with 50 mL H 2 SO 4 . Plates were read on a photo-spectrometer at 450nm. An internal control for the RV ELISA was generated using fecal samples combined from several mice and tested for abundance of the RV Ag.
Tritrichomonas musculis Colonization
Purification of T.mu was performed as described (Chudnovskiy et al., 2016) . Briefly, the cecal content of T.mu containing mice was harvested into 20ml of sterile PBS at 4 C and filtered through a 70mm cell strainer. Filtered cecal content was then spun at 1400rpm for 7min at 4 C. The supernatant was discarded and the pellet was washed twice with 40ml of sterile PBS. The pellet was then resuspended in 5ml of 40% percoll and overlaid on 5ml of 80% percoll. The 40/80% percoll (1X sterile PBS) was made from a 90% percoll solution diluted with 10X sterile PBS. The 40/80% percoll gradient centrifugation step was performed at 2500rpm for 20min at 20 C. The percoll interface containing T.mu was collected and spun down at 1400rpm for 7min at 4 C. The pellet was then resuspended in 5ml of sterile PBS and filtered again through a 70mm cell strainer. T.mu were then sorted into sterile PBS on a BD Influx using the 100mm nozzle at 27psi at 4 C. Purity was > 99%. Sorted T.mu were then spun down at 1400rpm for 7min at 4 C and the pellet was resuspended in sterile PBS. Two million sorted T.mu were orally gavaged into 6-8 week old C57BL/6, female mice (Charles River) immediately after the sort. Mice were subjected to EAE three weeks post-infection. To quantify efficiency of infection, cecums were harvested and cut longitudinally. Cecal content was resuspended in 10ml of sterile PBS. Trophozoites were counted using a hemocytometer.
Human study participants and fecal sample collection A total of 34 female (Average age: 40 years old) and 31 male (Average age: 44 years old) patients with clinically isolated syndrome (CIS) or relapsing-remitting multiple sclerosis (RRMS) (n = 33) (during remission n = 22, during relapse n = 11) and healthy controls (n = 32) were recruited at the University of California, San Francisco (UCSF) MS Center. Fecal samples were collected, shipped within 24 hr at 4 C and stored at À80 C prior to bacterial isolation. All individuals signed a written informed consent in accordance with the sampling procedure approved by the UCSF School of Medicine Institutional Review Board. (Polman et al., 2011) . All patients were treatment naive for disease-modifying therapies (n = 31) or off immunomodulatory treatment (n = 2) prior to fecal sampling and did not receive steroids within at least 30 days prior to sampling, and fecal samples were collected before administration of steroids or immunomodulatory treatment (Table S2 ). The diagnosis of relapse was made based on clinical assessment of new/exacerbated symptoms and gadolinium enhancement on magnetic resonance imaging. Clinical disease severity was assessed using the Expanded Disability Status Scale (EDSS) (Neurostatus) (Kappos et al., 2015; Kurtzke, 1983) . Age-matched controls sharing the same household were used where available. The inclusion criteria specified no use of antibiotics or cancer therapeutics 3 months prior to the study and excluded a history of autoimmune disorders in healthy controls. Detailed clinical and epidemiological information on patients and controls is available in Table S2 .
Diagnosis of RRMS was made based on the 2010 McDonald criteria
METHOD DETAILS
Tissue Harvesting
In all cases, mice were euthanized using a CO 2 tank attached to an animal cage with a flowmeter to regulate CO 2 pressure to 2-3 l per minute as per our animal facility's standard operating procedures. Subsequently, mice were perfused with 30ml of cold PBS (Sigma) via the left ventricle while cutting the right atrium to allow fluid escape. Because we ultimately wished to measure RV-specific IgA ASC in the lungs, we adapted our perfusion protocol to achieve better perfusion of the lungs by pushing the needle up through the left ventricle to the left atrium to preferentially target the pulmonary circulation. Following perfusion the lungs were removed and placed in cold PBS in a 6-well plate. Using a 70mm cell strainer and a 5ml syringe insert, lungs were mashed through the cell strainer mesh to make a single cell suspension. Cells were spun down at 1200rpm for 5 min and resuspended in 2ml of 80% Percoll (GE Healthcare) and 2ml of 40% Percoll was laid gently on top. Tubes were centrifuged at 1600 rpm (585 RCFxg) for 25 min to separate the fat on the top layer, lymphocytes at the midpoint between the 80% and 40% solutions, and debris in the bottom pellet. Approximately 1ml was collected from the midline to collect the lymphocytes and placed in a new tube with PBS and centrifuged at 1200rpm for 5 min. Cells were washed once more and then used for downstream applications.
For BM isolation, following euthanasia and perfusion the skin of the mouse's leg was removed and the leg was detached at the hip joint. Using scissors and gauze, the muscle tissue was cleaned off the femur and tibia. The ends of each bone that forms the joint were removed and both the femur and tibia were placed in a punctured 0.6ml PCR tube placed at the opening of a 1.5ml microtube with 200 mL of PBS (Sigma). Samples were pulse spun such that the marrow from each bone was collected at the bottom of the microtube. The bones were discarded and the BM pellets were resuspended in RBC lysis buffer (155mM NH 4 Cl, 12mM NaHCO 3 , 0.1mM EDTA) for 5 min on ice. Lysis buffer containing the cells was transferred to a 50mL tube containing 10ml of PBS to stop the lysis reaction and the cells were spun down at 1200rpm for 5 min. Samples were washed once more using the same method. Cells were kept on ice until ready for further use.
Blood was collected from the saphenous leg vein into capillary tubes. Samples were spun down at 10,000 rpm (9,000 RCFxg) for 5-7 min and serum was collected and transferred into autoclaved 0.6ml microtubes. All samples were frozen at À20 C until further use. For fecal matter preparation, 2-3 pellets of fecal matter were collected in 1.5ml microtubes. All fecal matter was frozen at À20 C until further use then subsequently thawed and weighed prior to downstream applications.
Axillary and inguinal Lymph Nodes (AxLN or iLN) as well as spleen (Sp) were collected and placed into cold PBS in a 6-well plate. Using a 70 mm cell strainer and the back of an insert of a 5ml syringe, LNs were mashed through the mesh of the cell strainer to make a single cell suspension. Red blood cell lysis was performed at this point for spleen only. Cells were washed once in cold PBS and centrifuged at 1200rpm (329 RCFxg) for 5 min. Cells were kept on ice until ready for further use.
Brain (Br) and spinal cord (Sc) were homogenized first using a 70 mm strainer and a 10ml syringe, then cell suspensions were incubated with the addition of 60 mg/ml DNaseI for 45 min at 37 C. We avoided using Collagenase D for Br digestion because it resulted in decreased PC recovery/viability in our hands. Lymphocytes were purified using a 30% Percoll solution and resuspended in PBS for counting and flow cytometry staining or in complete RPMI media (10% FBS, L-glutamine, sodium pyruvate, penicillin G, streptomycin sulfate, and b-mercaptoethanol) for ELISPOT assay.
SILP preparations were performed as previously described (Fritz et al., 2011) . Briefly, small intestines were dissected and cleaned in situ of mesenteric fat and Peyer's patches were removed. Small pieces of the intestine were then thoroughly washed and EDTA solution was used to remove IELs. The remaining LP fraction was then digested with collagenase IV (Sigma-Aldrich, USA) and lymphocytes were enriched by Percoll gradient (GE Healthcare, Sweden). Given the inherent variability in gut preparations, we enumerated cellular compartments based on frequency rather than absolute numbers and complemented these findings with immunofluorescence.
Flow Cytometry
Cells were washed with ice-cold PBS containing 2% FBS (Wisent Inc, Canada) and prior to antibody staining a live/dead stain was applied using a fixable aqua dead cell stain kit (Molecular Probes). Subsequently, cells were incubated with 1 mg/ml of a rat antimouse CD16/CD32 antibody (''Fc-block,'' clone: 2.4G2 made in house) to block non-specific staining for 15 min at 4 C. Pre-determined concentrations of fluorochrome labeled antibodies were then added in a total volume of 100ml, thoroughly mixed with the cells and incubated for 15 min at 4 C. The following antibodies were used in different combinations among 3 panels, all of which were purchased from Ebiosciences unless otherwise noted: rat anti-mouse CD19-APC (1D3), rat anti-mouse CD4-PECy7 (GK1.5), CD8-PECy7, F4/80-PECy7 (collectively used as a ''dump'' gate), rat anti-mouse CD45R (B220)-eFluor450 (RA3-6B2), and rat anti-mouse CD138-PercpCy5.5 (281-2, BD Biosciences). After washing with FACS buffer, cells were fixed and permeabilized using a cytofix/cytoperm kit from BD Biosciences according to the manufacturer's protocol. Intracellular staining was then performed for 30 min at 4 C using the following antibodies: rat anti-mouse IgA-biotin (11-44-2) followed by Streptavidin-APC-eF780, Ki67-eFluor450, IgG-BV450 or IgA-FITC. In the case of T cell cytokine detection, the following antibodies were used: anti-mouse IFNg PE, anti-mouse IL17 PerCPCy5.5 and anti-mouse GM-CSF FITC. Cells were then washed twice with Perm/Wash buffer and resuspended in FACS buffer prior to flow cytometric acquisition using either a Fortessa or an LSR-II instrument (BD Biosciences). Acquired data was analyzed and processed using FlowJo (Tree Star Inc.).
Immunofluorescence microscopy
Small intestinal tissues were obtained prior to EAE induction (D0), during the peak of the disease (D15), and during the chronic phase (D21 or D23). Briefly, after euthanasia and perfusion, small intestines were removed and placed on plastic wrap to clean out the fecal content. At the midpoint, curved forceps were used to clear the feces from the intestine and a 1cm piece was cut out, avoiding the Peyer's patches. The piece was placed in a histology tray and covered in OCT (Sakura Finetek) and was frozen in 2-methyl butane cooled on dry ice. Trays were wrapped in aluminum foil and stored at À80 C until further use. 5 mm frozen sections were subsequently cut with a Leica CM3050 cryostat in preparation for acetone fixation and staining. For a more comprehensive examination of the tissues, five slides were prepared from each sample with two sections on each slide. Defrosted and PBS-re-hydrated tissues were subjected to Fc receptor blocking with Superblock solution in TBS (Thermo Scientific, USA) followed by primary antibody staining with rat-anti-mouse antibodies. Data depicted were obtained by staining with IgA-FITC, CD138-PE, and CD8a-APC, although some experiments used CD138-APC with CD8a-PE, or IL-10 PE. After nuclear staining with DAPI, the mounted slides were visualized by microscopy using a LeicaDMRA2 microscope with OpenLab software where each fluorochrome was assigned a color (DAPI = yellow, YFP/FITC = green, APC = blue, PE = red). Single RGB images were saved as TIFF files. In Photoshop (version CC), we cropped the original images using a 1000px x 1000px marquis and zoom images were derived from these cropped images using a 250px x 250px marquis. Subsequently, brightness was adjusted for each fluorochrome uniformly across samples. TIFFS were then merged as overlays on ImageJ 1.15 s (National Institute of Health, USA) and using the cell counter function, the number of CD138 + or IgA + cells per every 10 CD8a + cells was quantified. We confirmed first that numbers of CD8a + cells in the SILP did not change during EAE by Immunofluorescence (not shown). In case of IL-10/IgA counts, cell counts were normalized according to the area. In order to account for the variability among sections within a tissue, a minimum of two to six images (technical replicates) on each biological replicate were acquired from each sample and an average cell count was taken for the final analysis.
Hematoxylin & Eosin and Luxol Fast Blue staining
Mice whose spinal columns were harvested for histology were euthanized with CO 2 and intracardially perfused with PBS. The spinal columns were excised and post-fixed in 10% buffered formalin for 1 week prior to being processed into paraffin. Seven micron paraffin coronal sections of mouse spinal cord were mounted on Superfrost Plus glass slides (Knittel Glass) and dried overnight at 37 C. Paraffin sections were deparaffinated in xylene and rehydrated through a series of ethanol washes. Histology was performed using standard Hematoxylin & Eosin (H&E) to visualize immune cell infiltration, and Luxol Fast Blue (LFB), which stains myelin and allows us to visualize areas of demyelination. RGB images of H&E and LFB stains from thoracic spinal cord sections were acquired at 4X magnification using a light microscope (Zeiss Axioscope). Quantitative analysis of stains was performed using ImageJ 1.15 s in a blinded manner. The RGB images were separated into single color channels using the color deconvolution plugin. Single color channel for hematoxylin and LFB were subjected to thresholding followed by the Area Fraction measurement on the region of interest (total white matter area). Staining is expressed as percentage stained area of total white matter area.
ELISPOT analysis
Membrane plates (Milipore HA clear plates, sterile 0.45um surfactant-free mixed cellulose ester membrane MSHAS4510) were coated (sterile) with goat-a-mouse -Ig diluted 1:1000 for the total Ig ELISPOT (Southern Biotechnologies #1010-01, 1mg/ml) diluted 1:1000, or coated with rabbit-anti-RV polyclonal antibody diluted 1:1000 for the RV-specific Ig ELISPOT (ABD Serotech, CAT #AHP1360) diluted 1:1000, and placed at 4 C overnight. For the commensal-reactive ELISPOT assay, high binding ELISPOT plates (Multiscreen HTS) were coated with autologous heat killed fecal matter (1mg/ml). Plates were blocked the next morning with 10% FBS/RPMI (Sigma) for at least 2 hr while tissues were being prepared. Starting with 1 million cells, single cell suspensions were loaded onto the plate at serial 2-fold dilutions in FBS/RPMI, and left overnight. Cells were removed the next morning and plates were washed with 0.1% TWEEN-20/PBS 3x, leaving the third wash in the plate while rotating on an orbital shaker for 15 min and washed twice more. HRP conjugated IgA or IgG detection antibodies were subsequently added. In some cases, two-color ELISPOTs were done with the simultaneous addition of IgA-HRP and IgG-AP. Plates were washed again as before and developed while covered with aluminum foil for at least 9 min or until spots were visible using ImmPACT AEC Peroxidase (for HRP-conjugated Ab) (Vector Laboratories, CAT #SK-4205) or Vector Blue (for AP-conjugated Ab) (Vector Lavoratories, CAT #SK-4300) substrates. For two-color ELISPOTS, plates were first developed with AEC, washed with distilled water, rinsed once with Tris-HCl pH8.2-8.5 buffer, and developed again with Vector Blue. Plates were dried overnight and spots were counted using a light microscope taking into account the original cell dilution.
Parabiosis: Surgical Attachment of Two Female Mice
Sterile technique was used and animals were kept warm with a heating pad throughout the surgery. The entire experiment was conducted according to a published methodology (Rauch et al., 2012) . Mice were weight-matched and caged for 1 week together prior to surgery to acclimate. On surgery day, analgesia was administered (meloxicam, 1mg/kg). Mice were anesthesized with isofluorane (2%-3% mixed with oxygen). After shaving the corresponding lateral aspects of each mouse, matching skin incisions were made from the olecranon to the knee joint of each mouse, and the subcutaneous fascia was bluntly dissected to create approximately 1/2 cm of free skin. The latissimus dorsi and abdominal external oblique muscles on each mouse were split. The peritoneal cavities were not penetrated. The olecranon was attached by a single monofilament suture and tie, and the dorsal and ventral skins were approximated by continuous suture. Because the union joins the bones, there was no need to use a flexible cohesive bandage post-surgery. This method gave firm support to both animals, which prevented the strain on the sutures of the skin and abdominal walls. To alleviate pain, buprenorphine (0.1mg/kg, s.c.) was administered every 12 hr for the first 72 hr post procedure. Wounds generally healed within a few days. The parabionts were placed in a cage (1 parabiont pair/cage) for the remainder of the experiment (1 month).
Abdominal Surgery for Intestinal Photoconversion in Kaede mice
In order to induce photoconversion of cells in the small intestine in Kaede mice, abdominal surgery to expose the intestines was necessary. At 6-8 weeks of age, survival surgery was performed where an incision was made on the midline of the abdomen to carefully expose the small intestines of Kaede or control mice (non-Kaede C57BL/6 mice). Hair was removed from the abdomen with an electric shaver one day prior to surgery. Mice were anesthetized with 2%-3% isofluorane and their skin was subsequently sterilized with iodine/alcohol twice each and alternating using sterile gauze. Sterile technique was used throughout the surgery and mice were kept on a heat pad throughout. A drape with a hole in the middle was placed over the mouse and an incision was made into the abdomen, through the hole. A piece of sterile aluminum foil was placed on top of the sterile drape and used to cover the abdomen, in order to protect the surrounding tissue from exposure to the violet light. The small intestine was carefully pulled through the incision on top of the foil and using a handheld LED light, the intestines were exposed to violet light for 2x 90 s for a total of 3 min, with the light source $15cm away. These conditions were selected based on pilot experiments (data not shown). We noted that if the light source was too close or maintained for too long next to tissue, significant tissue necrosis occurred. Conversely, having the light source too far away did not allow for efficient photoconversion. During photoconversion, warmed, sterile PBS was continuously applied to the intestine with a syringe to keep the tissue hydrated until it was replaced back into the abdomen. The muscle layer and skin layer was closed with 4-0 absorbable interrupted sutures. The mouse was given 5 mg/kg Ketoprofen subcutaneously and 0.1mg/kg Buprenorphine subcutaneously before surgery and a second dose of Buprenorphine at the end of the day. The mice received subsequent equivalent doses of Ketoprohen once per day and Buprenorpine twice per day for one additional day after surgery. An LSR Fortessa flow cytometry machine from BD Bioscience at the University of Toronto Immunology Flow Cytometry Facility was used to analyze tissues from Kaede mice. The machine contained a laser and filter that was able to visualize photoconverted Kaede-Red, which has a similar wavelength to mCherry at 561nm. Unconverted Kaede-Green was visualized using the FITC channel with a wavelength of 488nm. Since the Kaede fluorescent protein is under transcriptional control of actin, Kaede-Red + populations were Kaede-Red + and Kaede-Green int .
PB and/or PC Transfer SILP cells from Prdm1 YFP mice were sorted based on the expression of YFP separating two populations based on singlets (FSC-W versus FSC-H) followed by a generous lymphocyte gate (FSC-A versus SSC-A), followed by live cell gating (Aqua -) followed by elimination of irrelevant cells (Dump -: The ''dump'' gate are cells that stained positive for CD19-APC (1D3), rat anti-mouse CD4-PECy7 (GK1.5), CD8-PECy7, F4/80-PECy7) then sorted as YFP + B220using a FACS ARIA Sorter machine. Purity of PC was confirmed by post-sort analysis as well as the fact that most of the sorted cells were IgA + , Ki67 -( Figure S2 ). Prdm1 fl/fl x Cd19 cre or Jht À/À mice received IV tail injections of B cells or PB and/or PC at the onset of EAE and 2 more injections spaced 3-4 days apart thereafter and compared with PBS only controls. Depending on the experiment, mice received intravenous injections of 4000-10000 YFP + B220 -PC at the onset of the disease and 2 more injections every 3-4 days thereafter, until they reached disease peak. We injected more B cells than PC in order to prove the stringency of PC efficacy compared to a separate cell subset from the same anatomical compartment. Mice were scored daily for evidence of clinical disease until the chronic phase of the disease, and then tissues were harvested to confirm presence of YFP + cells by FACS.
Adoptive transfer EAE in C57BL6 mice
Donor C57BL/6 mice were actively immunized with 100 mg MOG 35-55 peptide emulsified in CFA (Difco). At day 9 after immunization, lymphocytes from the spleen, axillary, inguinal, and cervical lymph nodes were collected and cultured in vitro for 72-84 hr in complete T cell media (RPMI1640, 10% fetal bovine serum (GIBCO), 100 U/ml penicillin, 100 mg/ml streptomycin, 1X Glutamax (GIBCO), 1X (A) EAE clinical scores of WT mice colonized or not colonized with T. mu. T.mu+ mice harbored on average 140 3 10 6 +/À 44.9 3 10 6 trophozoites per caecum. EAE incidence was 9/11 for T.mu-and 7/11 for T.mu+ mice.
(legend continued on next page)
